INTRODUCTION
============

Small intestine is the main location of nutrient digestion and absorption in the body owing to its special structures and complex physiological functions. Meanwhile, as the boundary of the external and internal environment in body, the intestinal epithelium works as a barrier to prevent foreign pathogens and toxins from adhering and colonizing the intestinal tissue. In addition, the intestinal epithelium can secrete some specific and nonspecific immune substances, which constitute significant components of the body's immune barrier \[[@b1-ajas-30-2-236]\]. The intestinal mucosa barriers are divided into four types according to their structure characteristics; including the physical barrier, chemical barrier, immune barrier and microbial barrier \[[@b2-ajas-30-2-236]\]. Each barrier has the unique physiological function and coordinates with the others to maintain the overall intestinal mucosa barrier function.

During the primary stage of piglet's development, the nutrients in meals cannot be fully digested or absorbed because of intestinal hypoplasia, which may result in the malnutrition. In addition, the sensitive intestine will be stimulated by exogenous deleterious factors resulting in stress damage. Therefore, nutrition regulation and drug management in this stage are critical to maintain intestinal health in piglets.

Glutamine (Gln) is in the highest concentration of all amino acids in blood and milk in mammals and which has been considered to be the provider carbon source for the synthesis of purines and pyrimidines and involved in the Krebs cycle via generating α-ketoglutaric acid through deamination and transamination procedures \[[@b3-ajas-30-2-236]\]. What's more, Gln is the important fuel for intestinal epithelial cell proliferation and integrity repair. The endogenous Gln of the body is inadequate when the piglets experience stress and is required to be supplemented in the diet. However, the utilization rate of free Gln in diets is low. Alanyl-glutamine (Ala-Gln) dipeptide is more stable and dissolvable than free Gln, and is recommended to be a substitute for Gln monomers \[[@b4-ajas-30-2-236]\]. Previous findings in our lab showed that the diet supplemented with Ala-Gln could improve the growth performance of piglets \[[@b5-ajas-30-2-236]\]. But so far, the molecular mechanisms of Ala-Gln and Gln in regulating the small intestinal mucosa barrier are poorly understood. Therefore, the objectives of the present experiment were to investigate the effects of dietary Ala-Gln and Gln supplementation on intestinal mucosa barrier in piglets.

MATERIALS AND METHODS
=====================

Animals and experimental design
-------------------------------

Standard operating procedures for animal care were approved by the Institutional Animal Care and Use Committee of Nanjing Agricultural University. One hundred and eighty crossed barrows (Duroc×Large White×Landrace, aged 35±1 days) with the average body weight of 10.01±0.03 kg were randomly allocated to three treatments, and each treatment consisted of three pens and twenty pigs per pen. The piglets of three groups were fed with the control diet (basal diet added 0.62% alanine \[Ala\]), Ala-Gln diet (basal diet added 0.5% Ala-Gln) and Gln diet (basal diet added 0.34% Gln and 0.21% Ala), respectively. The dosage of 0.5% Ala-Gln was chosen based on previous study \[[@b6-ajas-30-2-236]\]. The control diet and Gln diet were supplemented with 0.62% or 0.21% Ala to obtain isonitrogenous diet as in previous experiments \[[@b7-ajas-30-2-236]\]. The diets were formulated according to the energy and amino acid requirements of piglets recommended by the National Research Council \[[@b8-ajas-30-2-236]\]. The nutrient composition was calculated according to the recommendations of "Chinese Feed Database" \[[@b9-ajas-30-2-236]\], the crude protein (CP) of diets was measured with a nitrogen gas analyzer utilizing procedure \[[@b10-ajas-30-2-236]\] and the ingredients of the basal diets are shown in [Table 1](#t1-ajas-30-2-236){ref-type="table"}. The materials of Ala, Gln, and Ala-Gln were obtained from Tian Chen Pharmaceutical Co. (Tianjin, China).

The piglets were allowed a 3-days adjustment period before the formal experiment. All the piglets were housed in an environmentally controlled building during the whole experiment, and had *ad libitum* access to feed and water, the room temperature was maintained at 25°C to 27°C. The duration of the experiment was 28 days. All the piglets were fed three times per day at 06:30, 11:00, and 18:00 hours.

Collection of samples
---------------------

Six piglets were randomly selected from each treatment (two pigs per pen) based on the average body weight with 18 piglets in total for sampling. Piglets were euthanatized by cardiac injection of pentobarbital (50 mg/kg·body weight) and bled via jugular venipuncture. The abdominal wall was opened by a midline incision, the entire small intestine was exteriorized and divided into three segments. Approximately a 5 cm length of the middle portion of duodenum, jejunum and ileum were cut out, and fixed in 4% paraformaldehyde to store for morphometric analysis. The three sections of the small intestine were each rinsed gently with sterile saline to clean out the contents, then the intestinal mucosa from each segment was carefully scraped off with a glass microscope slide, and snap-frozen in liquid N~2~ for the further analysis.

Histology
---------

The segments of duodenum, jejunum and ileum (5 cm) which were fixed in paraformaldehyde were removed and embedded in paraffin, afterwards they were cut into approximately 5-mm thick slices by microtome. After that, the slices were mounted on glass slides and stained with hematoxylin and eosin to observe intestinal histomorphology. In each slice, the height of villi (determined as the distance from the villus tip to the crypt mouth) and the associated depth of crypts (measured from the crypt mouth to the base) were measured through computer-aided light microscope (Nikon, Tokyo, Japan). The mean of measurements was calculated to yield three values per piglet. On the other hand, other histologic sections were stained with periodic acid schiff and the number of goblet cells (determined as the ratio of the total of goblet cells to the total of columnar cells among whole villus and statistics of five villi per piglet) in the intestinal villi were counted. The images of goblet cells were captured using an Olympus BX51 microscope (Olympus Optical Co., Ltd, Tokyo, Japan), and then, those images were analysed via the computer-assisted morphometric system, the mean was calculated to yield 6 values per piglet. These procedures were also processed by an observer unaware of the dietary treatments.

RNA extraction and complementary DNA (cDNA) synthesis
-----------------------------------------------------

The samples of jejunal mucosa were homogenized with the TRIzol reagent (Invitrogen, Carlsbad, CA, USA) to extract the total RNA and treated by DNase I (Invitrogen, Carlsbad, CA, USA) according to the manufacturer's guidelines. The OD260 and OD280 measurements of the RNAs were determinede spectrophotometrically (ND-1000, Nano Drop Technologies, Rockland, DE, USA). All samples presented the ratio of OD260/OD280 were 1.8 to 2.0, and the ratio of A260/A230 was 1.7 to 2.1. RNA was reverse transcribed to cDNA via a Prime Script 1st Strand cDNA Synthesis Kit (Takara, Ostu, Japan) according to the recommended by manufacturers. The program included 37°C, 15 min; 85°C, 5 s; 4°C.

Quantification of mRNA levels
-----------------------------

Real time-polymerase chain reaction (RT-PCR, SYBR Premix Ex Taq, catalogue no. RR420A) was performed in a total volume of 20 μL, and it contained 10 μL SYBR Premix Ex Taq (2×), 0.4 μL forward and reverse primers, 0.4 μL ROX Reference Dye (50×) and 2.0 μL cDNA according to the manufacturer's recommendations. RT-PCR program consisted of 30 s at 95°C, 40 cycles of 5 s at 95°C and 34 s at 60°C. All samples were analyzed systematically through their melting curve. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) as an internal control was used to normalize the mRNA abundance of each sample according to the 2^−ΔΔCT^ method \[[@b11-ajas-30-2-236]\]. The relative primers for target genes were designed with software (Oligo 6.0; Molecular Biology Insights, Cascade, CO, USA) and the sequences were listed in [Table 2](#t2-ajas-30-2-236){ref-type="table"}.

Western blot analysis
---------------------

A portion of intestinal mucosa samples were removed from the liquid nitrogen and thawed on ice, mechanically homogenized soon afterwards and centrifuged at 10,000 g; 15 min at 4°C, and then the supernatants collected. The total protein concentration of supernatants were measured via bicinchoninic acid assay protein assay kit (Sangon Biotec, Shanghai, China) and diluted to an appropriate concentration according to the operation instructions. Equal amounts of protein from each sample (30 μg) were separated with sodium dodecyl sulfate-polyacrylamide gel electrophoresis on 10% (occludin and claudin-1) or 7.5% (zonula occludens protein-1, ZO-1) polyacrylamide gel. The target proteins in the gel were transferred to polyvinylidene difluoride membranes. The membranes were soaked in 5% nonfat milk in tris buffered saline with Tween-20 (TBST, 200 mM Tris, 137 mM NaCl, 5 mM KCl and 0.1% Tween-20) for 2 h at room temperature, sequential incubated with primary antibody for occludin, claudin-1 and ZO-1 (1:500, diluted with TBST) overnight at 4°C with gentle shaking. After that, the membranes were washed with TBST and incubated with horseradish peroxidase-conjugated secondary antibody (1:3,000, diluted with TBST) for 2 h at room temperature. The primary antibodies for occludin, claudin-1, ZO-1, β-actin and the second antibody were purchased from Santa Cruz Biotechnology (Inc., Santa Cruz, CA, USA). The membranes were further treated with Super Signal West Pico chemiluminescent substrate (Thermo Fisher Scientific, Waltham, MA, USA) and detected by the Typhoon Trioe Imager (GE Healthcare, Chicago, IL, USA). Protein bands were quantified by densitometry using Image Quante software (Quantity one 4.61, Bio-rad, Hercules, CA, USA).

Concentrations of gastrointestinal hormones and immunoglobulins in jejunal mucosa
---------------------------------------------------------------------------------

The concentrations of gastrointestinal hormones including substance P (SP), vasoactive intestinal peptide (VIP) and the immunoglobulins including secretory immunoglobulin A (SIgA), immunoglobulin G (IgG), immunoglobulin M (IgM) in jejunal mucosa were measured using the relative enzyme-linked immune sorbent assay kit (R&D Systems China Co., Ltd. Shanghai, China). The operations were executed according to the instructions of the manufacturer.

Statistical analysis
--------------------

Statistics were analyzed by one-way ANOVA using the SAS program (version 8.02, SAS Institute Inc., Cary, NC, USA). Significant differences among treatment means were separated by Duncan's multiple range tests. The data were analysed with pen as the experimental unit (n = 3, the means of two pigs per pen were used to represent the pens). Less than 0.05 p value was used to indicate statistical significance.

RESULTS
=======

Small intestinal histomorphology
--------------------------------

Data on the small intestinal structure were summarized in [Table 3](#t3-ajas-30-2-236){ref-type="table"}, compared with the control (0.62% Ala), dietary Ala-Gln supplementation increased the villi height of duodenum and jejunum in the piglets (p\<0.05), up-regulated the ratio of villi height to crypt depth of duodenum and ileum (p\<0.05), decreased the crypts depth of jejunum and ileum (p\<0.05). In comparison with the control, Gln supplementation significantly increased the villi height of jejunum, up-regulated the ratio of villi height to crypt depth in the duodenum and ileum on piglets (p\<0.05), reduced the crypts depth in the jejunum and ileum (p\<0.05).

Relative mRNA expressions of epidermal growth factor, insulin-like growth factor 1, and their receptors in jejunal mucosa
-------------------------------------------------------------------------------------------------------------------------

Compared with the control (0.62% Ala), dietary Ala-Gln supplementation increased the mRNA expressions of epidermal growth factor (EGF), epidermal growth factor receptor (EGFR), insulin-like growth factor 1 (IGF-1), and insulin-like growth factor 1 receptor (IGF-1R) in the jejunal mucosa (p\<0.05; [Figure 1](#f1-ajas-30-2-236){ref-type="fig"}). In addition, Gln supplementation increased the mRNA expressions of EGF, IGF-1, and IGF-1R in the jejunal mucosa (p\<0.05) compared with the control, but there was no significant difference in the mRNA expression of EGFR in the jejunal mucosa.

Relative mRNA expressions of tight junction proteins in jejunal mucosal
-----------------------------------------------------------------------

Dietary Ala-Gln supplementation increased the mRNA expressions of jejunal mucosal occludin, claudin-1 and ZO-1 in piglets (p\<0.05; [Figure 2](#f2-ajas-30-2-236){ref-type="fig"}) compared with the control (0.62% Ala). Relatively, Gln supplementation increased the mRNA expressions of occludin and ZO-1 in the jejunal mucosa (p\<0.05) compared with those in control, whereas, Gln supplementation did not affect the mRNA expression of claudin-1 in the jejunal mucosa.

Relative protein levels of tight junction proteins in jejunal mucosa
--------------------------------------------------------------------

Compared with the control (0.62% Ala), dietary Ala-Gln supplementation increased the protein levels of occludin and ZO-1 (p\<0.05; [Figure 3](#f3-ajas-30-2-236){ref-type="fig"}) in the jejunal mucosa, however, there was no difference in the protein level of claudin-1 of the jejunal mucosa. By contrast, Gln supplementation had no effect on the protein levels of occludin, claudin-1, or ZO-1 in the jejunal mucosa compared with the control.

The number of goblet cells in small intestine
---------------------------------------------

As [Table 4](#t4-ajas-30-2-236){ref-type="table"} shown, the number of goblet cells in the duodenum and ileum epithelium were increased by Ala-Gln supplementation (p\<0.05) compared with the control (0.62% Ala), there was no difference in the number of goblet cells of jejunum between the Ala-Gln supplementation group and control group. On the other hand, Gln supplementation increased the number of goblet cells in the duodenum compared with the control (p\<0.05), however, no effect of which was observed in the jejunum or ileum.

Relative mRNA expressions of mucin in jejunal mucosa
----------------------------------------------------

As presented in [Figure 4](#f4-ajas-30-2-236){ref-type="fig"}, compared with the control (0.62% Ala), the diets supplemented with Ala-Gln and Gln increased the mRNA expression of mucin 2 (MUC2) in the jejunal mucosa (p\<0.05). However, neither Ala-Gln nor Gln supplementation significantly affected the mRNA expression of mucin 1 (MUC1) in the jejunal mucosa compared to the control.

Concentrations of gastrointestinal hormones in jejunal mucosa
-------------------------------------------------------------

As shown in [Table 5](#t5-ajas-30-2-236){ref-type="table"}, the concentrations of SP and VIP in the jejunal mucosa were increased by dietary Ala-Gln supplementation compared with the control (0.62% Ala) (p\<0.05). In comparison, Gln supplementation increased the concentration of VIP in the jejunal mucosa (p\<0.05) compared with the control, the concentration of SP in the jejunal mucosa did not differ between Gln supplementation group and the control group.

Concentrations of immunoglobulins in jejunal mucosa
---------------------------------------------------

As shown in [Table 6](#t6-ajas-30-2-236){ref-type="table"}, compared with the control (0.62% Ala), dietary Ala-Gln supplementation increased the concentrations of SIgA and IgG in the jejunal mucosa (p\<0.05). In comparison with the control, Gln supplementation increased the concentration of SIgA in the jejunal mucosa (p\<0.05), whereas, the concentration of IgM in the jejunal mucosa did not differ among the three treatment groups.

DISCUSSION
==========

The intestine is not only the crucial organ for digestion and absorption of nutrients in piglets, but also an important component of the body's immune system. During the early growth of piglets the development of small intestine is imperfect and sensitive, consequently, weaning will often lead to the common failings such as functional disorder and structural damage of intestine. The results of Hsu showed that the villi height of the Gln supplementation (1% and 2%) groups tended higher than the control group in duodenum and jejunum \[[@b12-ajas-30-2-236]\]. Bartell and Batal found that chicks fed diets with 1% Gln had heavier intestinal relative weights and longer intestinal villi compared with the control \[[@b13-ajas-30-2-236]\]. In the present experiment, Gln supplementation increased the villi height of jejunum and reduced the crypts depth of jejunum and ileum. Braga-Neto's experiment found that dietary supplemented with Ala-Gln increased the height of intestinal villi in mouse \[[@b14-ajas-30-2-236]\]. Our present results indicated that dietary Ala-Gln supplementation increased the villi height of duodenum and jejunum, decreased the crypt depth of jejunum and ileum, which was consistent with previous study. Carneiro-Filho' study reported that Ala-Gln accelerated the intestinal recovery compared with 5-FU-treated controls \[[@b15-ajas-30-2-236]\]. Comparing the results between Ala-Gln group and Gln group in our study, we found that Ala-Gln supplementation increased the villi height of duodenum and jejunum, up-regulated the ratio of villi height to crypt depth of duodenum and ileum than those in Gln supplementation. The results mentioned above suggest that dietary Ala-Gln supplementation was more effective to maintain the intestinal structural integrity of the piglets than Gln supplementation group, and it may be ascribed to that Ala-Gln was more stable and dissolvable than the free Gln.

Piglets have to obtain some important active substances (EGF, Gln, growth hormone, IGF-1, etc) from milk during the earlier age, whereas, this source will be interrupted by weaning, which may producing a negative influence on the small intestinal mucosal structure \[[@b16-ajas-30-2-236]\]. In terms of that, many intestinal epithelial cells have the ability to secrete EGF, IGF-1, etc in the process of cell proliferation and structural restitution. In this study, dietary Gln supplementation increased the mRNA expressions of EGF and IGF-1 in jejunal mucosa of piglets, and their mRNA expressions were higher with Ala-Gln supplementation. Braga-Neto's experiment reported that Gln and Ala-Gln supplementation improved cell proliferation and migration in IEC-6 cells previously treated with 5-fluorouracil \[[@b17-ajas-30-2-236]\]. The functions of EGFR and IGF-1R are similar, and they are the key receptors of EGF and IGF-1 in regulating cells proliferation and differentiation through mitogen-activated protein kinase (MAPK) or phosphatidylinositol-3-kinase (PI3K)/Akt pathways \[[@b18-ajas-30-2-236]\]. In the present study, dietary Ala-Gln supplementation increased the mRNA expressions of EGFR and IGF-1R in jejunal mucosa of piglets, and Gln supplementation also increased the mRNA expressions of IGF-1R in jejunal mucosa, but had no significant effect on the mRNA expression of EGFR in the jejunal mucosa. These results reminded that Ala-Gln and Gln could accelerate enterocyte proliferation and promote the functions of the intestinal mucosa physical barrier, and further signified that Ala-Gln was more beneficial enhancing the intestinal mucosa physical barrier than free Gln.

Tight junctions are located in the top of the intercellular structure, which play a critical role in regulating the paracellular permeability and cells polarity of the intestinal epithelium. The tight junctions are composed of transmembrane proteins, including occludin, claudins, tricellulin and junctional adhesion molecules, which may interact with the scaffold proteins such as ZO-1, ZO-2, ZO-3, etc to form the macromolecular compounds and anchor to the actin cytoskeleton on the membrane surface of the adjacent epithelial cells \[[@b19-ajas-30-2-236]\]. The disruption of tight junctions is an initial event and associated with the pathogenesis of many gastrointestinal diseases. Glutamine is considered to be the most important nutrient for healing of 'leaky gut syndrome', because Gln is the preferred fuel for enterocyte proliferation. Nan indicated that the deprivation of Gln decreased claudin-1, occludin, and ZO-1 protein levels and caused a disappearance of peri-junctional claudin-1 in Caco-2 cells \[[@b20-ajas-30-2-236]\]. Furthermore, Beutheu reported that Gln could improve the intestinal barrier function and increase the protein expression of the tight junctions in mice \[[@b21-ajas-30-2-236]\]. In addition, Li and Neu's experiment showed that Gln could regulate intercellular junction integrity and tight junction proteins through the PI3K/Akt signaling pathway. The integrity of the intestinal epithelial cells and the structure of intercellular junction was interactional, and Gln regulated intercellular tight junction integrity probably benefits from the intestinal epithelial cells proliferation. The present results showed that dietary Ala-Gln and Gln supplementation increased the mRNA and protein expressions of tight junctions, and the effects of Ala-Gln supplementation were better than the Gln supplementation. It indicated that Ala-Gln supplementation was beneficial to maintain paracellular permeability, and could promote the functions of intestinal mucosa physical barrier.

Goblet cells, which exist widely among the mucosal surface and scatter in the epithelial layer, have been implicated in the secretion of mucins \[[@b22-ajas-30-2-236]\]. There are many kinds of mucins and most recent research has been focused on MUC1 and MUC2. MUC1 is the membrane-bound mucin located at the surface of epithelial cells which can promote the mucosal layer adhered to the epithelial cells. MUC2 is the secretory mucin which is the major component of mucin in intestinal mucus. The mucins are secreted by goblet cells, and then mix with water and electrolytes on the mucosal surface to form the chemical barrier upon the intestinal epithelium, which can protect the intestinal mucosa from chemical and mechanical damage \[[@b23-ajas-30-2-236]\]. In the present study, dietary Ala-Gln supplementation increased the number of intestinal goblet cells in the duodenum and ileum and up-regulated the mRNA expression of MUC2 in the jejunal mucosa. Similarly, Gln supplementation also improved the number of goblet cells in duodenum and motivated the mRNA expression of MUC2 in jejunal mucosa. The possible reason may be that Ala-Gln and Gln stimulated the intestinal crypt stem cells to proliferate and translate into goblet cells, so as to arouse the secretion of mucins, which were beneficial to strengthen the chemical barrier stability and diminish the intestinal mucosa damage.

The SP is an 11-amino-acid neuropeptide member of the tachykinin family, which localizes in the central nervous system, enteric nerves, immune cells and sensory neurons. Neurokinin-1 receptor (NK-1R) is the high-affinity receptor of SP. The SP can adjust the intestinal reactions including transfer the signal of algesia in the nervous system, regulate motility of the gastrointestinal tract, mucosal permeability and inflammation once it connects with NK-1R \[[@b24-ajas-30-2-236]\]. Muangman reported that SP ameliorated the impaired wound healing in nitric oxide synthase null mice by increasing macrophages density in the wounds. Koon's study showed that the interactions of SP and NK-1R could stimulate colonic epithelial cell proliferation \[[@b25-ajas-30-2-236]\]. The results in our present study showed that dietary Ala-Gln supplementation increased the concentration of SP in the jejunal mucosa. It suggested that Ala-Gln supplementation was beneficial to enhance the proliferation of the intestinal immune cells and the intestinal immune response capacity. The VIP is one of the best-studied immunoregulatory neuropeptides, which plays a role in two-way signal transmission in the nervous system and immune system \[[@b26-ajas-30-2-236]\]. The VIP will interact with its receptors which locate on the surface of the macrophages, and then modulate both innate and adaptive immunity, activate T cells proliferation and differentiation \[[@b27-ajas-30-2-236]\]. The present results showed that dietary Ala-Gln and Gln supplementation increased the concentration of VIP in jejunal mucosa, which suggested that Ala-Gln and Gln might have improved the hormonal regulation of intestinal functions and promoted the immune protection of the intestine in piglets.

Intestinal immune functions development deficiency will be a factor affecting piglet growth and development during young age period. Moreover, segregating and weaning stress will disrupt the intestinal functions and arouse intestinal inflammation and activate the immune cell proliferation. Immunoglobulins are primarily secreted by lymphoid cells and participate in actuating both humoral and cellular immune reactions. SIgA is the most important member among the immunoglobulins and is secreted by lymphatic B cells and plays an essential immune role in preventing pathogenic agents colonizing the intestinal epithelium, as well as modulating the inflammatory response to maintain the intestinal homeostasis \[[@b28-ajas-30-2-236]\]. In addition, IgG and IgM are also involved in immune responses in the intestine \[[@b29-ajas-30-2-236],[@b30-ajas-30-2-236]\]. The Gln is a primary fuel to be utilized by intraepithelial lymphocytes. In the present study, the results showed that Gln supplementation increased the concentration of SIgA in jejunal mucosa. Furthermore, dietary Ala-Gln supplementation increased the concentrations of SIgA and IgG in jejunal mucosa. It is probable that Ala-Gln and Gln could improve the secretion of immunoglobulins in intestinal mucosa and enhance the mucosal immune barrier function through promoting the intestinal lymphocyte proliferation and development.

CONCLUSION
==========

Dietary Ala-Gln supplementation could be beneficial to maintain the small intestinal health and promote the intestinal development of piglets through enhancing the physical, chemical and immune barriers in the intestinal mucosa.
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###### 

Ingredients and nutrients content of the basal diets (as-fed basis)

  Ingredients (%)                                                                    Nutrients content                                                 
  -------------------------------------------------------------------------- ------- ----------------------------------------------------------------- -------
  Ground corn                                                                49.50   Crude protein (%)[5)](#tfn5-ajas-30-2-236){ref-type="table-fn"}   19.96
  Wheat flour                                                                11.06   Calcium (%)                                                       0.70
  Soybean meal                                                               19.30   Available phosphorus (%)                                          0.33
  Expanded soybean                                                           9.50    Net energy (MJ/kg)                                                10.13
  Whey powder                                                                5.00    Lysine (%)                                                        1.24
  Fish meal                                                                  2.50    Methionine+Cysteine (%)                                           0.69
  DL-methionine                                                              0.11    Threonine (%)                                                     0.74
  L-Lysine -HCl                                                              0.37    Tryptophan (%)                                                    0.21
  L-Threonine                                                                0.11    Arginine (%)                                                      1.15
  Dicalcium phosphate                                                        0.62    Histidine (%)                                                     0.43
  Limestone powder                                                           0.63    Isoleucine (%)                                                    0.71
  Sodium chloride                                                            0.30    Leucine (%)                                                       1.41
  Vitamin and mineral premix[1)](#tfn1-ajas-30-2-236){ref-type="table-fn"}   1.00    Phenylalanine (%)                                                 0.81
  Ala[2)](#tfn2-ajas-30-2-236){ref-type="table-fn"}                          0.62    Valine (%)                                                        0.78
  Ala-Gln[3)](#tfn3-ajas-30-2-236){ref-type="table-fn"}                      0.50                                                                      
  Ala[4)](#tfn4-ajas-30-2-236){ref-type="table-fn"}                          0.21                                                                      
  Gln[4)](#tfn4-ajas-30-2-236){ref-type="table-fn"}                          0.34                                                                      

Premix provide per kg of diet provided: retinyl acetate, 11,000 IU; cholecalciferol, 2,000 IU; DL-a-tocopheryl acetate, 30 IU; menadione sodium bisulphite, 4.4 mg; thiamin mononitrate, 1.5 mg; riboflavin, 6 mg; pyridoxine hydrochloride, 3 mg; cyanocobalamin, 3.2 mg; D-pantothenic acid, 15 mg; nicotinic acid, 33 mg; D-biotin, 0.20 mg; folic acid, 1.65 mg; choline, 500 mg; 150 mg of iron as iron sulphate; 171.5 mg of copper as copper sulphate; 109.5 mg of zinc as zinc oxide; 32 mg of manganese as manganous oxide; 0.45 mg of selenium as sodium selenite; 0.40 mg of iodine as calcium iodate.

Ala, the amount of Ala supplemented in control group.

Ala-Gln, the amount of Ala-Gln supplemented in Ala-Gln group.

Ala and ^4)^ Gln, the amount of Ala and Gln supplemented in Gln group.

Nutrient content of the diets was the value of measurement.

###### 

Primer pairs used in the real time-polymerase chain reaction

  -----------------------------------------------------------------------------------
  Genes         Sequences (5′→3′)                Accession No.    Product size (bp)
  ------------- -------------------------------- ---------------- -------------------
  *EGF*         Sense:ATGTCAACGAGTGTGCCTTC\      NM_214020.1      106
                Antisense:TCAGGGAGCAGAACAAATCC                    

  *EGFR*        Sense:ATCTGTAACCCGCTGTGCTC\      NM_214007.1      147
                Antisense:GGCATTCTCCACGAACTCTC                    

  *IGF-1*       Sense:AACAAGCCCACAGGGTACG\       NM_214256.1      100
                Antisense:TCTCCAGCCTCCTCAGATCA                    

  *IGF-1R*      Sense:ATGGAGGAAGTGACAGGGACTA\    XM_003361272     132
                Antisense:GTGGTGGTGGAGGTGAAGTG                    

  *MUC1*        Sense:TGCACCATTTCCTTCCTCTG\      AY_243508.1      143
                Antisense:AGTTCTTTCGTCGGCACTGA                    

  *MUC2*        Sense:ACGACTTTGACGGACACTGCT\     XM_002347185.2   116
                Antisense:AGGGGACGTTCTCGGTGAT                     

  *Occludin*    Sense:CAGTGGCTTTGGTGGCTATG\      NM_001163647.2   101
                Antisense:AGAATCCCTTTGCTGCTCGT                    

  *Claudin-1*   Sense:GCCCTACTTTGCTGCTCCTG\      NM_001244539.1   141
                Antisense:TTTCTGGTTGTTCCCACACG                    

  *ZO-1*        Sense:AGCCATCCACTCCTGCCTAT\      XM_005659811.1   133
                Antisense:GGGACCTGCTCATAACTTCG                    

  *GAPDH*       Sense:ATGGTGAAGGTCGGAGTGAAC\     NM_001206359     235
                Antisense:CTCGCTCCTGGAAGATGGT                     
  -----------------------------------------------------------------------------------

*EGF*, epidermal growth factor; *EGFR*, epidermal growth factor receptor; *IGF-1*, insulin-like growth factor 1; *IGF-1R*, insulin-like growth factor 1 receptor; *MUC1*, mucin 1; *MUC2*, mucin 2; *ZO-1*, zonula occludens protein-1; *GAPDH*, glyceraldehyde-3-phosphate dehydrogenase.

###### 

Effects of dietary Ala-Gln and Gln supplementation on intestinal morphology of piglets (n = 3)

  Items                        Groups                                              SEM                                                 p-value                                                    
  ---------------------------- --------------------------------------------------- --------------------------------------------------- --------------------------------------------------- ------ -------
  Duodenum                                                                                                                                                                                        
   Villus height (μm)          474[b](#tfn8-ajas-30-2-236){ref-type="table-fn"}    499[a](#tfn8-ajas-30-2-236){ref-type="table-fn"}    480b                                                2.99   0.015
   Crypt depth (μm)            257                                                 240                                                 252                                                 3.80   0.197
   Villus height:Crypt depth   1.86[c](#tfn8-ajas-30-2-236){ref-type="table-fn"}   2.08[a](#tfn8-ajas-30-2-236){ref-type="table-fn"}   1.91[b](#tfn8-ajas-30-2-236){ref-type="table-fn"}   0.04   0.035
  Jejunum                                                                                                                                                                                         
   Villus height (μm)          399[c](#tfn8-ajas-30-2-236){ref-type="table-fn"}    459[a](#tfn8-ajas-30-2-236){ref-type="table-fn"}    441[b](#tfn8-ajas-30-2-236){ref-type="table-fn"}    6.17   0.014
   Crypt depth (μm)            178[a](#tfn8-ajas-30-2-236){ref-type="table-fn"}    1.69[b](#tfn8-ajas-30-2-236){ref-type="table-fn"}   172[b](#tfn8-ajas-30-2-236){ref-type="table-fn"}    1.39   0.036
   Villus height:Crypt depth   2.25                                                2.72                                                2.57                                                0.05   0.050
  Ileum                                                                                                                                                                                           
   Villus height (μm)          316                                                 333                                                 322                                                 2.51   0.072
   Crypt depth (μm)            176[a](#tfn8-ajas-30-2-236){ref-type="table-fn"}    158[c](#tfn8-ajas-30-2-236){ref-type="table-fn"}    167[b](#tfn8-ajas-30-2-236){ref-type="table-fn"}    2.11   0.027
   Villus height:Crypt depth   1.80[c](#tfn8-ajas-30-2-236){ref-type="table-fn"}   2.11[a](#tfn8-ajas-30-2-236){ref-type="table-fn"}   1.93[b](#tfn8-ajas-30-2-236){ref-type="table-fn"}   0.02   0.033

Ala-Gln, alanyl-glutamine; Gln, glutamine; SEM, standard error of the means.

Mean values in the same target of different treatments were significantly different (p\<0.05).

###### 

Effects of dietary Ala-Gln and Gln supplementation on the number of goblet cells in small intestinal epithelium in of piglets (n = 3)

  Items                             Groups                                               SEM                                                  p-value                                                     
  --------------------------------- ---------------------------------------------------- ---------------------------------------------------- ---------------------------------------------------- ------ -------
  Goblet cells (piece/100 pieces)                                                                                                                                                                         
   Duodenum                         2.58[b](#tfn10-ajas-30-2-236){ref-type="table-fn"}   2.80[a](#tfn10-ajas-30-2-236){ref-type="table-fn"}   2.71[a](#tfn10-ajas-30-2-236){ref-type="table-fn"}   0.03   0.021
   Jejunum                          4.47                                                 4.69                                                 4.60                                                 0.04   0.057
   Ileum                            5.39[b](#tfn10-ajas-30-2-236){ref-type="table-fn"}   5.65[a](#tfn10-ajas-30-2-236){ref-type="table-fn"}   5.42[b](#tfn10-ajas-30-2-236){ref-type="table-fn"}   0.05   0.040

Ala-Gln, alanyl-glutamine; Gln, glutamine; SEM, standard error of the means.

Mean values in the same target of different treatments were significantly different (p\<0.05).

###### 

Effects of dietary Ala-Gln and Gln supplementation on the concentrations of SP and VIP in the jejunum mucosa of piglets (n = 3)

  Items                   Groups                                               SEM                                                   p-value                                                     
  ----------------------- ---------------------------------------------------- ----------------------------------------------------- ---------------------------------------------------- ------ -------
  SP (ng/g of protein)    9.09[b](#tfn12-ajas-30-2-236){ref-type="table-fn"}   11.53[a](#tfn12-ajas-30-2-236){ref-type="table-fn"}   9.42[b](#tfn12-ajas-30-2-236){ref-type="table-fn"}   0.40   0.019
  VIP (ng/g of protein)   2.52[b](#tfn12-ajas-30-2-236){ref-type="table-fn"}   2.87[a](#tfn12-ajas-30-2-236){ref-type="table-fn"}    2.83[a](#tfn12-ajas-30-2-236){ref-type="table-fn"}   0.05   0.034

Ala-Gln, alanyl-glutamine; Gln, glutamine; SP, substance P; VIP, vasoactive intestinal peptide; SEM, standard error of the means.

Mean values within a row with different superscript letters were significantly different (p\<0.05).

###### 

Effects of dietary Ala-Gln and Gln supplementation on the concentrations of SIgA, IgG, and IgM in the jejunum mucosa of piglets (n = 3)

  Items                     Groups                                               SEM                                                  p-value                                                     
  ------------------------- ---------------------------------------------------- ---------------------------------------------------- ---------------------------------------------------- ------ -------
  SIgA (μg/mg of protein)   5.82[b](#tfn14-ajas-30-2-236){ref-type="table-fn"}   6.11[a](#tfn14-ajas-30-2-236){ref-type="table-fn"}   6.00[a](#tfn14-ajas-30-2-236){ref-type="table-fn"}   0.18   0.012
  IgG (mg/mg of protein)    0.22[b](#tfn14-ajas-30-2-236){ref-type="table-fn"}   0.25[a](#tfn14-ajas-30-2-236){ref-type="table-fn"}   0.23[b](#tfn14-ajas-30-2-236){ref-type="table-fn"}   0.02   0.026
  IgM (mg/mg of protein)    0.17                                                 0.18                                                 0.17                                                 0.03   0.128

Ala-Gln, alanyl-glutamine; Gln, glutamine; SIgA, secretory immunoglobulin A; IgG, immunoglobulin G; IgM, immunoglobulin M; SEM, standard error of the means.

Mean values within a row with different superscript letters were significantly different (p\<0.05).
